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ABSTRACT

This paper discusses the influence of various detergents, pH values, and ionic strengths
on the rate of oxygen uptake (normalized in units of J,Jmol oxygenl hrl mg chlorophyll a)
in photosensitive solutions containing in vitro photosystem I and cytochrome Css3,
obtained from the cyanobacterium, Thermosynechococcus elongatus. Specifically, three
experimental studies were conducted for the determination of oxygen uptake rate with
respect to: detergent type, hydronium ion concentration, and monovalent ion
concentration in PSI/cytochrome Css3 solutions. Experimental solutions contained either
MES, HEPES, or Tris buffers, Triton X-100 or OM detergents, PSI purified in Triton X100 or OM detergents, the presence or lack of cytochrome Css3, methyl viologen, and
sodium ascorbate. Aliquots of each solution were tested via Clark electrodes to
determine oxygen uptake rate via methyl viologen as the electron acceptor for PSI. This
rate is a function of the affinity of cytochrome Cs53 for the docking site on PSI. In addition
to the effect of pH and ionic strength on the reduction rate, two different detergents
(Triton X-100 and OM) were used to stabilize PSI in solution after purification and their
effects on the rate were studied. Ultimately, the goal of this series of experiments was to
determine optimal conditions of pH, ionic strength, and detergent addition for the
reduction of PSI by cytochrome Cs53.

INTRODUCTION

The mechanism of oxygen uptake begins with photosystem I
(PSI), a trimeric protein (Figure 1) of the thylakoid membrane of
photosynthetic organisms, whose groups form a reaction center (1).
When a photon strikes

P700

(Figure 2), a dimer of chlorophyll a, an

electron from PSI becomes excited with energy (2). In the presence
of an electron acceptor, such as aqueous methyl viologen, PSI
reduces the acceptor, thereby depleting itself of an electron. The
electron lost by PSI to methyl viologen can be replaced by a number

Figure 1: PSI.
<http://resear
chmag.asu.e
dul2007/04lsh
edding_light_
onJ)hotosynt
hes. html>
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experimental studies due to the relative ease with which cytochrome c can be produced
1

and purified from the cyanobacterium, Thermosynechococcus elongatus, as well as the
low cost of sodium ascorbate. In the following experimental studies, reduced
cytochrome Css3 has typically been supplied in molar excess to PSI due to the relatively
low affinity of cytochrome Css3 for the PSI docking site (3). Specifically, supplying
cytochrome Css3 in molar excess to PSI increases the probability that PSI will accept
electrons from cytochrome Cs53 (3). Additionally, sodium ascorbate has been supplied in
molar excess to cytochrome Cs53 to ensure the complete reduction of cytochrome Css3
for the donation of electrons to PSI (3).
Oxygen uptake rate (normalized in units of IJmol oxygenJ hrl mg chlorophyll a) is
a function of the affinity of cytochrome Css3 for the docking site on PSI and therefore, a
measure of how readily electrons reduce PSI (3). Oxygen uptake, as a percentage of
the oxygen saturation concentration in PSI/cytochrome Cs53 solutions, is monitored via
Clark electrodes. Reduced methyl viologen donates electrons to molecular oxygen,
initially dissolved in solution at its saturation concentration from air. In vitro,
PSI/cytochrome Cs53 solutions are allowed to reach equilibrium with atmospheric
oxygen, whereas in vivo, photosystem II (PSII), also present in the thylakoid membrane
of photosynthetic organisms, provides the supply of dissolved molecular oxygen via the
oxidation of water (1). Molecular oxygen in PSI/cytochrome Css3 solutions is reduced by
methyl viologen to hydrogen peroxide.
Previous studies involving PSI explored the use of plastocyanin, a protein bound
to copper, as the electron donor to PSI instead of cytochrome Cs53 (1), or the
platinization of PSI reaction centers and the subsequent evolution of hydrogen instead
of the reduction of methyl viologen leading to the reduction of molecular oxygen to
2

hydrogen peroxide (4). A third study compared the reduction of PSI by both cytochrome
C5s3 and plastocyanin from the thermophilic cyanobacterium, Phormidium laminosum,

and the mesophilic cyanobacteria, Synechocystis, Anabaena, and Pseudanabaena (5).
Specifically, laser-flash absorption spectroscopy was used to determine kinetic and
thermodynamic parameters describing the cytochrome Cs53IPSI and plastocyanin/PSI
interactions (5). It was concluded that Phormidium had the most thermostable
plastocyanin/PSI interaction (5).
A simultaneous PSI study seeks to identify a PSI/cytochrome Css3 electron
transfer mechanism that catalyzes an optimum quantity of stable molecular hydrogen
via the platinization of PSI reaction centers (6). In that particular study, PSI donates
electrons for the formation of platinum nanoclusters at PSI reaction centers, catalyzing
molecular hydrogen from aqueous hydrogen cations (6). Hydrogen evolution from the
PSI/cytochrome Cs53 electron transfer pathway is detected by sensors as inert gas flows
past the PSI/cytochrome Css3 solution, carrying the molecular hydrogen produced (4).
Both the detection of molecular hydrogen via sensors in that study and the detection of
oxygen uptake via Clark electrodes in this report assess the transfer of electrons along
the PSI/cytochrome Cs53 pathway. However, the goal of the experimental studies in this
report was to determine optimal conditions of pH, ionic strength, and detergent addition
for the reduction of PSI by cytochrome C5s3.
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MATERIALS AND METHODS
Apparatus. An apparatus was designed in order to determine the rate of oxygen

uptake (lJ.ITlol oxygenl hrl mg chlorophyll a) in aqueous solutions. The configuration of
the apparatus consisted of a 4-sample tube water chamber (Figure 3), 4 Clark
electrodes (Figure 4), and 2 biological oxygen monitors
(Figure 5) having two inputs each. The position of the tubes
in the chamber, the electrodes, and the electrode outputs to
the oxygen monitors were each labeled 1 through 4 (Figure
6). It can be assumed that in this configuration, a sample
located at position 1 will always be associated with the
electrode labeled 1, and have an electrode output to one of
the oxygen monitors, denoted device 1. These three
elements form Set 1. The remaining tube positions,
electrodes and electrode

outputs

(or devices) were

Figure 3: YSI
Chamber.
<http://www.colepar
mer.comlcatalogllarg
e_image.asp?img=05
52010.jpg>

connected in a similar manner, and formed sets 2 through 4.
The 4-sample tube water chamber was
p

D

thermally regulated (30 e) via water bath.
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Additionally, a light apparatus, fitting around
the circumference of the water chamber was
used as the excitation

source for the

PSI/cytochrome Cs53 solutions.
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Figure 4: YSI Clark electrodes.
<http://www.colepanner.comicatal
og/large_image.asp?img=0552013.
jpg>
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and either the presence or lack of cytochrome Css3. Buffer and detergent were supplied
to all PSI/cytochrome Cs53 solutions to maintain either an acidic or basic PSI
environment, and to stabilize PSI by preventing the coagulation of its trimers,
respectively. In all solutions, it has been assumed that PSI donated its electrons to
methyl viologen, while sodium ascorbate donated its electrons to PSI via cytochrome
Cs53. All solutions were maintained at 30°C unless stated otherwise, via water bath.

Methods. The following methods were followed for all

experimental solutions. All samples were prepared under safe

Light apparatus

lights (transmission maximum 520 nm) to avoid excitation of
PSI during solution preparation. Each aliquot was inverted
several times to oxygenate. Next, 4 mL of each aliquot were
pipetted into each of 4 sample tubes, being careful not to
deposit detergent bubbles into the samples. Two Fisher
Scientific fiber-optic light sources (Figure 8), each having dual
gooseneck light guides, were inserted into the light apparatus
of Figure 7. The light apparatus (Figure 7) was lowered
around the 4-sample tube water chamber, and fitted flush with
the chamber. Samples were allowed five minutes of darkness
and

exposure

to

atmospheric

oxygen,

prior

to

their

introduction to light, perpendicular to the sample tubes (Figure
7). Electrodes were inserted into samples and stabilized

Figure 7: Light
apparatus with
respect to water
chamber.

before data collection. Samples were continuously mixed during data collection. After
collecting a baseline of 100 % atmospheric oxygen saturation on the monitors, the light
6

sources were turned on. Each sample was excited by
a halogen lamp, supplying a maximum of 80 candela
per lamp (12).
Data col/ection and analysis. For each of the

experimental studies, aliquots were created. From
these aliquots, four 4mL samples were tested via
Clark electrode/oxygen monitor. Oxygen uptake was
directly obtained (as an electrical signal proportional
to the percent oxygen remaining in solution) from the

Figure 8: A light source
with guides.
<http://www.fishersci.coml
wpsiportal/SEARCHRESUl
TS?lBCID=47985808&catC
ode=All&searchType=Ra
pid&keyWord=12-562-36>

oxygen monitors over a period of 1 to 4 minutes. Data on the oxygen uptake (as a
percentage of atmospheric oxygen saturation) for each PSI/cytochrome Css3 sample
were collected with an analog-to-digital signal converter (Texas Instruments, USB-6211)
and stored on a computer. Oxygen uptake rates for each sample were determined from
linear regressions of oxygen uptake with respect to time. Regressions were determined
over the portion of the curve where the slope deviated from the baseline. Rates were
normalized by dividing

~moles

of oxygenl hr by mg of chlorophyll a per 4 mL sample, as

show in Equation 1.

0.00 4 L

9

X 15xl0- mol P700 X 96 mol chl a X 893 9 chl a
L

1 mol P700

1 mol chl a

= 5.1 m

9

chi a

(1)

As shown, it has been assumed approximately 96 moles of chlorophyll a per
mole of

P700.

Chlorophyll a concentrations were determined spectrophotometrically (3).
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Detergent Study
Three experiments were conducted to determine the effect of detergents on the
oxygen uptake rate: 1) the influence of PSI purified and resuspended in Triton X-100, 2)
the influence of PSI purified and resuspended in OM, and 3) the influence of PSI
purified in OM, but resuspended in Triton X-100. For each of the three experiments,
eight aliquots of varying cytochrome Css3 concentrations were prepared and their
oxygen uptake rates determined. The PSI concentration was 15 nM for the three
experiments. Cytochrome Css3 concentrations were in the following molar excess with
respect to PSI concentration for the eight aliquots: OX, 3. 33X, 6.67X, 33.3X, 66.7X,
333.3X, 666.7X, and 10oaX. Additionally, all aliquots contained 10 mM MES buffer
(Acros Organics) at pH 6.4, 167 IJM methyl viologen (Aldrich), 2 mM sodium ascorbate
(Fluka), and 0.02 % (w/v) of either Triton X-100 or OM (both Fisher). Aliquots were
divided into four- 4 mL samples.

pH Study
A study of the influence of pH on oxygen uptake rate consisted of eight aliquots
of the following: either 50 mM MES (Acros Organics), HEPES (Sigma), or Tris (Acros
Organics) buffer, varying in pH value. Additionally, the solution contained 0.02 % (w/v)
Triton X-100, 5 nM PSI purified in Triton X-100, 167 ~ methyl viologen, 250 nM
cytochrome Css3, and 2 mM sodium ascorbate. Each aliquot was further divided into
four- 4 mL samples and maintained at approximately 25°C. The pH values were
approximately 5.45,6.06,6.38, 7.06, 7.33, 8.04, 8.39, and 8.68.
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Ionic Strength Study
Seven aliquots of varying sodium chloride concentrations were prepared I further
divided into four- 4 mL samples, and their oxygen uptake rates determined. The sodium
chloride concentrations were approximately 0 1 0.15, 0.25, 0.50 1 0.75, 1, and 10 mM.
Each aliquot contained 5 nM PSI, 250 nM cytochrome C553, 10 mM MES buffer at pH
6.4, 167lJM methyl viologen, 2 mM sodium ascorbate, and 0.02 % (w/v) of Triton X-100.

RESULTS AND DISCUSSION

Detergent Study
Results of the detergent study (Figure 9) indicated that oxygen uptake rate
increased approximately 2.5-fold (from a mean of 4.62 to 11.3 lJmole 02 I hrl mg
chlorophyll a), for solutions containing PSI purified and resuspended in Triton X-100, by
increasing cytochrome Css3 molar excess (with respect to 15 nM PSI) from OX to 1000X.
Oxygen uptake rate increased by approximately 3.6-fold (from a mean of 1.83 to 6.56
lJmole 02 I hrl mg chlorophyll a) for solutions containing PSI purified and resuspended
in OM, over the same range of cytochrome C553 molar excess. For PSI purified in OM,
but resuspended in Triton X-100, there was approximately a 2-fold increase (from 5.02
to 10.0 lJmole 02 I hrl mg chlorophyll a) in uptake rate. PSI purified and resuspended in
Triton X-100 showed a noticeably higher PSI reduction rate than other detergent
combinations of PSI purification and suspension. I believe that Triton X-1OO renders the
PSI docking site vulnerable to cytochrome Css3 through a conformational change that
takes place in the PSI structure when purified and resuspended in Triton X-100. This
9

conformation change results from interactions between regions of the protein with
hydrophobic and hydrophilic regions of Triton X-100, and leads to an increase in
electron transfer to PSI via cytochrome Cs53, increasing PSI reduction rate. Whether
Triton X-100 also influences the ease with which PSI reduces methyl violgen has yet to
be determined.
14 .
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Figure 9: Results from Detergent Study using Triton X-100 and OM.

pH Study
The physiological environment for both plastocyanin and cytochrome Css3 is
acidic (approximately pH 5 in the thylakoid lumen of photosynthetic organisms) (9).
Additionally, structure, residues, and a hydrophobic and an acidic patch, influence the
electrostatic properties of cytochrome Css3 (9), properties which are involved in electron
transfer (8). Unlike plastocyanin, it is believed that only the hydrophobic patch on
10

cytochrome Css3 is involved in PSI reduction (9). On plastocyanin, it is believed that the
acidic patch is responsible for the docking and subsequent oxidation of cytochrome f,
the in vivo electron donor to plastocyanin (9). The hydrophobic patch on plastocyanin is
involved in PSI reduction (9). It is resonable to believe that pH influences the structure,
residues, and entities composing the hydrophobic and acidic patch on cytochrome Css3,
via protonation or deprotonation. Additionally, it seems resonable that there would be a
pH value where PSI/cytochrome Css3 interactions would yield either an optimum or
bD
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Figure 10: Results from pH Study using MES, HEPES, and Tris buffers to
obtain a variety of pH values.
minimum oxygen uptake rate, indicative of the PSI reduction rate. The pH study (Figure
10) indicated that the oxygen uptake rate remained relatively constant over a pH range
of 5 to 9. Counterintuitively, pH showed no obvious influence on PSI reduction rate. I
believe the oxygen uptake assay currently used should not be employed to measure the
influence of pH on oxygen uptake rate.
11

Ionic Strength Study

The ionic strength study (Figure 11) indicated that the oxygen uptake rate increased
approximately 1.7-fold (from 0.96 to 1.63 \Jmole 021 hrl mg chlorophyll a) by increasing
the sodium chloride concentration from 0.15 to 1 mM. In this study, concentrations
greater that 1 mM NaCI did not exhibit significantly higher oxygen uptake rates. This
behavior disagrees with the assumption that increasing ionic strength diminishes the
interactions between cytochrome Cs53 and PSI (9). I believe the PSI/cytochrome

Cs53

electron transfer mechanism reaches a PSI reduction rate equilibrium in solutions of
relatively high salinity. The underlying cause of the PSI reduction rate eqUilibrium has
yet to be discovered.
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CONCLUSION
The oxygen uptake assay indicated that detergent had a significant influence on PSI
reduction rate, but the pH study using the same assay was inconclusive. I suggest there
is an underlying mechanism of the PSI/cytochrome Css3 interaction responsible for the
nearly constant PSI reduction rate observed at relatively high ionic strengths. Laserflash photolysis, a technique in which an excitation laser and detector are used to
measure reaction rates (10), could be employed in the future, whenever accessible.
Rates, as well as rate constants, could be extracted directly from PSI/cytochrome Cs53
interactions under a variety of experimental conditions, and could possibly yield more
accurate, reproducible data than data obtained by measuring the reduction of molecular
oxygen to hydrogen peroxide, via the current oxygen uptake assay.
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